ABSTRACT WILLSON, J. D., M. L. IRELAND, and I. DAVIS. Core Strength and Lower Extremity Alignment during Single Leg Squats. Med. Sci. Sports Exerc., Vol. 38, No. 5, pp. 945-952, 2006. Introduction/Purpose: Muscles of the trunk, hip, and knee influence the orientation of the lower extremity during weight bearing activities. The purpose of this study was threefold: first, to compare the orientation of the lower extremity during a single leg (SL) squat among male and female athletes; second, to compare the strength of muscle groups in the trunk, hips, and knees between these individuals; and third, to evaluate the association between trunk, hip, and knee strength and the orientation of the knee joint during this activity. Methods: Twenty-four male and 22 female athletes participated in this study. Peak isometric torque was determined for the following muscle actions: trunk flexion, extension, and lateral flexion, hip abduction and external rotation, and knee flexion and extension. The frontal plane projection angle (FPPA) of the knee during a 45-SL squat was determined using photo editing software. Results: Males and females moved in opposite directions during the SL squat test (F(1,42) = 5.05, P = 0.03). Females typically moved toward more extreme FPPA during SL squats (P = 0.056), while males tended to move toward more neutral alignment (P = 0.066). Females also generated less torque in all muscle groups, with the exception of trunk extension. The projection angle of the knee during the SL squat test was most closely associated with hip external rotation strength. Conclusion: Using instruments suitable for a clinical setting, females were found to have greater FPPA and generally decreased trunk, hip, and knee isometric torque. Hip external rotation strength was most closely associated with the frontal plane projection angle.
D
ifferences in lower extremity mechanics between males and females during weight bearing are believed to contribute to the gender bias for ACL injury and patellofemoral pain (PFP). For example, during single leg cross-cutting maneuvers, the orientation of the knee for males has been shown to begin in valgus and move toward varus alignment (18) . Conversely, the female knee began in valgus and moved toward further valgus during the same task. In the transverse plane, studies suggest females display significantly greater hip internal rotation and tibial external rotation than males during running and single leg landings (6, 15) . These differences may contribute to the above gender bias as tibial abduction with external rotation is believed to strain the ACL against the lateral femoral trochlea (8) . Further, knee external rotation is associated with increased lateral retropatellar contact pressure, a commonly accepted risk factor for PFP (13) .
While it is generally accepted that female athletes demonstrate movement patterns different from men, there exists considerable debate regarding the reason for these differences. Several authors have hypothesized that females are prone to these movement tendencies due to decreased neuromuscular control of knee joint musculature and associated decreased knee joint stiffness (7, 29) . Markolf et al. (20) reported that voluntary contraction of all muscles crossing the knee joint can decrease the frontal plane laxity of the knee threefold. Wojtys et al. (29) reported that female athletes who participate in jumping and cutting sports demonstrate decreased ability to resist tibial torsion loads than age-and activity-matched males. Finally, Hewett (9) attributed the observed reduction in frontal plane knee moments for females who participated in neuromuscular training program to increased strength and activity of the knee flexors while landing.
Hip strength and neuromuscular control differences between males and females may also significantly impact frontal and transverse plane knee moments (22) . Using a planar three-link model of the lower extremity, the axial force necessary to cause the knee to buckle in the frontal plane was particularly sensitive to the level of hip muscle stiffness (3) . Further, females have been reported to absorb significantly less energy with their hip musculature than males during landing, which suggests that females may generate less hip stiffness than males (5) . Together, these two studies suggest that females have potential for greater frontal plane knee motion during weight-bearing activities. Indeed, Hurd et al. (11) recently reported greater knee abduction and hip internal rotation excursion and excursion rate in females compared with males in both normal and perturbed walking conditions. These results support the concept of greater eccentric demands on the hip abductors and external rotators in females versus males previously described during running (6) . Finally, Leetun et al. (14) reported that female athletes who participated in running and jumping sports were significantly weaker in hip abduction, external rotation, and lateral trunk flexion than their male counterparts. Those athletes who demonstrated the greatest weakness in hip external rotation were most likely to experience an injury over the course of their sport season.
The above literature indicates females may place greater demands on hip musculature during weight bearing, but possess decreased capacity to generate muscular stiffness. Therefore, it is reasonable to conceive of a situation for lower extremity injury involving excessive hip internal rotation and knee abduction. Indeed, females with the greatest initial and peak knee abduction angles and moments during the stance phase of landing have been found to be most likely to experience an ACL injury during their sport season (10) .
Given this evidence, it appears prudent to screen athletes for three-dimensional (3D) knee alignment during weightbearing activities to identify individuals with a predisposition for injury. Unfortunately, at this time, determination of reliable 3D kinematics typically requires resources that are not practical for a clinical setting. Perhaps because of this limitation, two-dimensional (2D) techniques using more readily available instruments have been investigated. For example, using a digital video camera, frontal plane projection angles (FPPA) of the knee were recorded for males and females during cutting and compared with 3D lower extremity kinematics recorded simultaneously (24) . The results of this study reveal that although the FPPA is inherently influenced by transverse plane excursions, it accounts for a significant proportion of the variance in the 3D tibiofemoral abduction angle. The authors concluded that despite the limitations of a 2D approach, it can be a useful estimate of knee valgus during weight-bearing activities.
A very simple test of knee alignment during weight bearing commonly performed in a clinical setting is the single leg (SL) squat test. Using this test, Zeller (31) recently reported increased knee valgus and increased quadriceps muscle activity in females compared with males. The authors concluded that the increased quadriceps activity was not effective at preventing frontal plane knee movement. Instead, the authors suggest that the females in this study demonstrated increased knee valgus due to decreased hip muscle control. Therefore, it was suggested that this test may be effective for screening athletes for knee valgus during weight bearing due to decreased hip stability during athletic tasks. However, the contribution of muscles that may influence knee valgus angles during weight bearing, including muscles of the trunk, hip, and knee, has yet to be determined.
A practical means to document lower extremity alignment during the SL squat test has not been reported. However, 2D methods are typically portable, inexpensive, and readily accessible to practicing clinicians. Further, 2D analysis of lower extremity alignment is associated with 3D knee valgus (24) , and 3D knee valgus is associated with injuries such as PFP and ACL rupture (10) . Therefore, a 2D estimate of lower extremity alignment during the SL squat test may be a useful clinical measure.
The purpose of this study was threefold. First, we aimed to compare the orientation of the lower extremity between males and females during the SL squat test using procedures and equipment that were suitable for a clinical environment. Second, we aimed to compare isometric strength of the trunk, hip, and knee musculature in males and females using a similar clinical, yet reliable approach. Third, we aimed to determine the extent to which the strength of muscles in the trunk, hip, and thigh are associated with the orientation of the lower extremity during the SL squat test. Based on available literature, we hypothesized that females would demonstrate greater knee frontal plane projection angles and decreased trunk, hip, and knee strength. Finally, we believed that hip strength measures would be most closely associated with the orientation of the knee during the SL squat test.
METHODS
Based on pilot data and estimates of sample variability available in the literature (14), we estimated that 20 subjects per group would be necessary to identify a 15% difference between males and females for all dependent variables at > = 0.05 and A = 0.20. Therefore, we recruited 46 athletes (24 male, 22 females) who were actively involved in preseason conditioning for Division 1A or 1AA basketball, soccer, or volleyball (Table 1 ). To confirm that there would be no gender bias with respect to current activity level, all athletes rated their current activity level using the Tegner scale. The Tegner activity rating scale uses a 10-level ordinal scale to classify sports participation and occupational activities. Subjects were excluded if they reported any lower extremity surgery within the last 6 months or any current back or lower extremity pain or injuries. No subject reported a history of surgery for knee ligament repair. Each subject read and signed a written informed consent before testing. The study protocol was approved by the institutional review board of the University of Delaware.
Peak isometric torque was calculated for the following muscle groups: trunk extensors, trunk flexors, trunk lateral flexors, hip abductors, hip external rotators, knee flexors, and knee extensors. All test positions were based on those identified in the literature and were gravity-resisted. Straps were used to stabilize the subject and handheld dynamometer (Lafayette Instruments, Lafayette, IN) to eliminate the TABLE 1. Average subject demographics (standard deviation of the mean in parenthesis).
Age (yr)
Height ( Activity level was determined using the Tegner activity scale. Participation in competitive sports that require jumping, cutting, and hard pivoting 4-7 dIwk j1 at the varsity team or professional level corresponds to an activity rating of 10 out of 10.
http://www.acsm-msse.org influence of tester strength on these measurements. The force plate of the handheld dynamometer measured 3 cm by 7 cm and was covered in 0.5 cm of neoprene for comfort during contractions. For each test, two practice and three experimental trials were performed for 5 s with 15 s of rest between contractions. The average of the peak torque values produced during these three trials for each muscle group was used for analysis. All measures were taken on the dominant leg (determined according to which leg the athlete would choose to kick a ball as hard as possible (4) .
Segment lengths were determined to convert the force measurements of the handheld dynamometer to units of torque. Torque is defined as the product of the component of force that is perpendicular to the lever arm and the length of the lever arm from the pivotal axis to the point where the force is applied. Therefore, the length of the lever arm to the point of the application of the force was recorded for each subject. The abdominal muscle lever arm was defined as the distance between the midpoint of the ASIS to the sternal notch. The trunk extensor lever arm was the distance between the midpoint of the PSIS to midpoint of inferior angle of the scapula (with arms overhead). The lever arm for the side bridge test, used to gauge quadratus lumborum strength, was the distance from the lateral malleolus to the ipsilateral iliac crest. The lever arm for the external rotators and hip abductors was the distance from the lateral malleolus to the lateral femoral condyle and greater trochanter, respectively.
Trunk flexion. The procedures for isometric trunk flexion strength testing were based on those described by Magnusson et al. (17) . The athletes were positioned supine on a treatment table with their hands behind their head and feet secured to the table with a stabilization strap holding their legs in 90-of knee flexion. The dynamometer was placed such that the center of the force pad was 1 inch below the sternal notch. A second strap was placed over the dynamometer and around the underside of the table. Instructions for the athlete were to lift their trunk upward with maximal effort. The test-retest reliability of the force measurements (ICC equation 3,1) for this measure was determined to be 0.87.
Trunk extension. Isometric trunk extension strength test procedures were also based on those described by Magnusson et al. (17) . The athletes were positioned prone on a treatment table with their hands behind their head and distal thighs secured to the table with a stabilization strap. The dynamometer was placed such that the center of the force pad bisects a line connecting the superior/medial angle of the athlete's scapulae. A strap was then secured over the dynamometer and around the underside of the table. To limit the contribution of hamstring activity on trunk extension strength, the athlete's feet were supported on a bolster in 30-of knee flexion. Instructions for the athlete were to lift their trunk upward with maximal effort. The test-retest reliability of the force measurements (ICC equation 3,1) for this measure was determined to be 0.85.
Lateral trunk flexors. Isometric strength testing of lumbar lateral flexors was based on the test position described by McGill et al. (23) . The athletes were positioned on the treatment table on the side of their dominant leg with both legs extended. The top foot was placed in front of the bottom foot for support during testing. The dynamometer was secured to the subject such that the center of the force pad was directly underneath the lateral iliac crest of the top leg. The athletes were then asked to lift their hips off the table and assume a straight line over their full body length, supporting themselves on one elbow and their feet. The uninvolved arm was held across the chest with their hand placed on their opposite shoulder. Once the subject assumed the test position, a second strap was secured around the dynamometer and around the underside of the table. Instructions for the athlete were to lift their hips upward with maximal effort. The test-retest reliability of the force measurements (ICC equation 3,1) for this measure was determined to be 0.97.
Hip abduction. Isometric strength testing procedures for hip abduction were based on those described by Bohannon (1). For isometric testing of hip abduction strength, the athlete was positioned to lie on his or her side on a treatment table. The dynamometer was placed on the lateral thigh at a point 2 inches proximal to the lateral knee joint line. A large pillow was placed between the athlete's legs, using additional toweling as needed, such that both hips were in 0-abduction with respect to a line connecting the right and left ASIS. A strap placed just proximal to the iliac crest and secured firmly around the underside of the table stabilized the athlete's trunk. The center of the force pad of the handheld dynamometer was then placed directly over the mark located just above the knee joint. The dynamometer was secured to the leg using a second strap that was wrapped around the leg and the underside of the table. Instructions for the athlete were to lift their top leg upward with maximal effort. The testretest reliability of the force measurements (ICC equation 3,1) for this measure was determined to be 0.95.
Hip external rotation. Isometric strength testing procedures for hip external rotation were based on those described by Cahalan et al. (2) . The athletes were seated on the treatment table with the hips and knees flexed to 90-. A strap was wrapped around the thighs of the athlete and around the underside of the treatment table. A towel roll was also placed between the athletes' knees to maintain knee position and minimize the contribution of the hip adductors to force production in rotation. The dynamometer was placed such that the center of the force pad was directly over a mark 2 inches proximal to the medial malleolus of the test leg. A strap in line with the distal shank and the base of the treatment table held the dynamometer in place during contractions. Instructions for the athlete were to rotate his or her leg into the dynamometer with maximal effort. The test-retest reliability of the force http://www.acsm-msse.org measurements (ICC equation 3,1) for this measure was determined to be 0.83.
Knee flexion. The procedures for isometric knee flexion strength measurements were based on those previously described by Worrell (30) . Athletes were positioned prone on the treatment table with their pelvis secured to the table with a stabilization strap. The feet of the subject were placed on a firm bolster so that the knees were flexed to 30-. The center of the dynamometer was placed 1 inch proximal to a line connecting the malleoli on the posterior aspect of the athlete's lower leg. A second stabilization strap around the leg of the treatment table was used to provide resistance and to hold the dynamometer in place during contractions. Instructions for the athlete were to flex their knee with maximal effort. Worrell (30) previously reported the test-retest reliability of the force measurement for this measure (ICC equation 2,1) to be 0.93.
Knee extension. The procedures outlined for testing knee extension strength were based on those previously described by Walsworth et al. (28) . The athletes were positioned supine on a treatment table with a firm bolster behind the knee of the tested limb so that the knee was flexed to 30-. The athletes were positioned so that the malleoli were at the edge of the treatment table. The opposite lower extremity was flexed so that the foot was on the treatment table. The athlete's arms were crossed on their chest. The dynamometer was placed such that the center of the force pad was 1 inch proximal to a line connecting the malleoli of the leg to be tested. A strap around the leg of the treatment table was used to apply resistance and to hold the dynamometer in place during contractions. Instructions for the athlete were to extend their knee with maximal effort. Walsworth (28) previously reported the test-retest reliability of the force measurement for this measure (ICC equation 3,1) to be 0.96. SL squat test. SL squats were performed by each subject for analysis of the frontal plane projection angle of the knee. Marks were placed on the leg of each subject on the proximal thigh (along a line between the ASIS and midpoint of the tibiofemoral joint), at the midpoint of the tibiofemoral joint, and at the midpoint of the ankle mortise. Subjects were instructed to stand with the contralateral limb off the floor and their toes forward while a digital image was recorded representing the anatomical alignment in single limb stance (Fig. 1) . To obtain this image, a digital camera was placed on a tripod at a distance of 2 m, at the height of the knee joint, and perpendicular to the frontal plane of the subject. An adjustable stool was placed behind the subject at a height that represented the distance from the floor each subject would need to assume to achieve 45-of knee flexion. Subjects were asked to squat on the interested leg until they lightly touched the stool with their seat. In this position, a second digital image was recorded. The digital images were imported into a digitizing software program (CorrelDraw, Chicago, IL). The angle subtended between the line formed between the markers on the proximal thigh and middle of the tibiofemoral joint and that formed from the markers on the middle of the tibiofemoral joint to the middle of the ankle mortise was recorded as the FPPA of the knee. This value is different than the measurement of the quadriceps angle. The knee marker was placed without regard to the patella and the distal marker was not associated with the tibial tuberosity. The average FPPA value from three trials was used for analysis. Within-day reliability testing of this method resulted in an ICC value (model 3,k) of 0.88.
Statistics. Analysis of the SL squat test was performed using a mixed-factor ANOVA (gender Â position) (SPSS 13.0, Chicago, IL). Paired t-tests were used to examine simple effects in the case of a significant interaction. All seven average isometric torque measurements were analyzed using a MANOVA. Univariate ANOVA were performed for each dependent variable included in the MANOVA if necessary. The association between the isometric strength measurements and SL squat knee angle was analyzed using Pearson correlation coefficients. The significance level was set at P G 0.05 for all tests. Observations were evaluated for the presence of outliers using the Extreme Studentized Deviate (ESD) statistic (27) . Those observations with an ESD statistic greater than the ESD critical value (ESD 24,95 = 2.8) were considered outliers and were subsequently removed from the analysis.
RESULTS
Examination of the data for each variable revealed two male outliers, resulting in analysis of 22 male and 22 female athletes. The mixed-factor ANOVA revealed a significant gender Â position interaction (F(1,42) = 5.05, P = 0.03) for the FPPA during the SL squat test (Fig. 2) . Follow-up paired t-tests of FPPA within gender indicated that females typically moved toward more extreme FPPA during SL squats (P = 0.056), while males tended to move toward more neutral alignment (P = 0.066).
The MANOVA test statistic (Hotelling's T 2 ) revealed that females produced different results than males when all strength measurements were considered together (F = 2.92, P = 0.016). Follow-up tests indicate that females generated markedly less torque in all muscle groups with the exception of trunk extension (Fig. 3) . As expected, each strength measure was directly associated with the FPPA. However, the FPPA of the knee was most closely associated with hip external rotation strength (Table 2) .
DISCUSSION
The first intent of this study was to investigate differences between males and females with respect to the orientation of the knee joint during a SL squat. The results of this study suggest that males and females tend to move in opposite directions during the SL squat test. These 2D results are consistent with studies that utilized more sophisticated motion analysis. For example, using an eight-camera, highspeed motion analysis system, Ford (7) reported that females displayed greater initial and peak knee valgus angles during a vertical drop/jump maneuver compared with males. Further, Zeller (31) reported higher knee valgus angles in females than males during the SL squat test. Finally, Malinzak (18) reported that males and females both began a SL cross-cutting maneuver with a valgus knee orientation. Further, similar to the results of the present study, the females in Malinzak's study moved toward greater valgus while males_ knees moved toward varus alignment during the maneuver.
Gender differences with respect to neuromuscular control, anatomy, and strength have typically been linked to the above kinematic variations. It is likely that a combination of these factors also contributed to the results of the present study. For example, although not directly measured as part of this project, differences in pelvic width to femoral length ratios traditionally observed between males and females suggests that females stand in greater tibiofemoral valgus (22) . Therefore, the females in this study may have moved toward more extreme FPPA because they began the movement with greater FPPA.
To the extent of the association between the FPPA and tibiofemoral valgus, the SL squat test holds potential to screen for individuals with a propensity for mechanics thought to stress the ACL. Recently, it was reported that the FPPA is significantly correlated with the 3D knee abduction angle during the stance phase of side step and side jump maneuvers (24) . Knee abduction angle is a major contributor to the variability of knee valgus moments during weight-bearing activities, and valgus moments are reported to increase the strain on the ACL (19) . However, further studies are necessary to investigate the extent to which an individual's kinematics during SL squats represent those during more provocative activities.
To the extent of the association between the FPPA and Q angle, the SL squat test also holds potential to screen for individuals with a propensity for high retropatellar contact pressure. Several cadaver studies have demonstrated a direct correlation between Q angle and retropatellar contact pressure. For example, using simulated muscle loads, Li et al. (16) demonstrated that a small increase in femoral internal rotation increased peak contact pressure of the PF joint 10-24% at every 30-interval of knee flexion. Intuitively, joint rotations that tend to increase the Q angle such as hip internal rotation and tibiofemoral valgus should also increase the FPPA. Further studies are necessary to determine the extent of the association between the Q angle and the FPPA during the SL squat test as well as during more dynamic activities.
The second purpose of this study was to compare the isometric strength of trunk, hip, and knee muscles between males and females using a similar clinical approach. For every muscle group except for the lumbar extensors, females demonstrated lower average isometric torque values than males. Previous studies suggest that females possess greater endurance of the lumbar extensors (23) . However, because females possess a relatively smaller erector spinae crosssectional area compared with males, we expected greater trunk extension isometric torque among male athletes (21) . Perhaps males had a greater proportion of body weight in their trunk than females and subsequently produced relatively less torque against gravity during this test than other strength tests.
The remainder of our results with respect to peak torque is in agreement with previous studies using isokinetic dynamometry. For example, Lephart (15) reported lower knee flexion and extension peak torque to body weight at 60-Is j1 in Division I female athletes compared with a male control group matched for age and activity level. With respect to the hip, Cahalan et al. (2) used a stabilization frame attached to a Cybex dynamometer and reported greater isometric and isokinetic strength in all planes of the hip in males versus females of similar ages. Finally, a study of peak isometric torque of the trunk flexors and extensors in healthy males and females by Keller et al. (12) revealed that females produce significantly less torque than males in a variety of trunk positions as determined with a trunk dynamometer. While the methods employed in previous studies offer some unique advantages to handheld dynamometry, we believe that the strength measurement techniques used in this study are more conducive to offsite examinations and screening a large number of people. Further, with practice, the strength tests have good reliability and the necessary equipment is readily available to practicing clinicians.
The relationship between muscular strength and risk for lower extremity injury is not fully understood. However, several prospective studies suggest that athletes with decreased strength in particular muscle groups are more prone to injury. For example, Leetun (14) recently reported that basketball and track athletes with lower strength values in hip external rotation and hip abduction were more likely to suffer an injury over the course of the season. Decreased strength in hip abduction and adduction has also been associated with an increased incidence of groin injuries among rugby league players (25) . Additionally, with respect to the knee joint, Orchard (26) reported that preseason knee flexion weakness was a risk factor for hamstring strains in Australian rules football. Taken together, these studies suggest that lower extremity injury prevention for athletes requires, at least, a measure of hip and knee strength prior to participation. The instruments and methods described in this study appear suitable for such a purpose.
The third aim of the present study was to determine the extent to which the strength of muscles in the trunk, hip, and thigh are associated with the orientation of the lower extremity during a SL squat. Though the correlation coefficients between strength measures and the FPPA were generally small, the association between hip external rotation strength and FPPA was both clinically and statistically significant. Due to the 2D nature of the FPPA, it is sensitive to motion in both the frontal and transverse planes. Therefore, athletes who squat with greater hip internal rotation are likely to demonstrate more negative FPPA values. The relationship between hip external rotation strength and the FPPA in this study suggests that subjects with greater hip external rotation strength may have been better suited to resist hip internal rotation moments. Greater capacity to resist these moments may result in smaller hip internal rotation angles during the SL squat and FPPA values closer to zero.
Although further study is required to validate the SL squat test as a measure of lower extremity alignment during weight-bearing activities, this test holds promise as a clinical measure. For instance, it is conceivable that clinicians may use this test to objectively document changes in lower extremity alignment within a patient as they progress through rehabilitation for return to jumping or cutting sports.
Additionally, the equipment for this test is portable, inexpensive, generally reliable, and readily available to practicing clinicians. Therefore, after further validation, this test may be suitable to screen a large number of people in order to identify individuals with a propensity for increased TF valgus angles. Additional studies may also consider whether those people with greater FPPA values during a SL squat also demonstrate greater FPPA values during more athletic weight-bearing activities. Finally, prospective studies are necessary to determine whether measurement of the FPPA during a SL squat has value with respect to an athlete's risk for injury over the course of a sport season.
CONCLUSION
Using instruments and methods suitable for a clinical environment, this study demonstrates that females move toward greater frontal plane projection angles than males during SL squats. Additionally, females generated lower trunk, hip, and knee torque versus males. Hip external rotation torque correlated most significantly with FPPA values.
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